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Inertial measurement units, or IMUs, serve as effective tracking devices when
used in sophisticated aerospace control and navigational systems.

This tracking

potential, coupled with ever advancing technology that permits IMUs to become smaller
and more compact, is allowing IMUs to gain popularity in a many areas of research
beyond the areas of aerospace.

Using an IMU based on microelectromechanical

(MEMS) technology, this document investigates an IMU’s ability to track complex, short
range motions such as golf swings.

To prepare the IMU, an accurate, yet quick,

calibration procedure is proposed and illustrated to show the tools and equipment
necessary for this approach.

Once calibrated, experimental results from static and

dynamic tests are compared to corresponding analytical results to help comprehend and
confirm the IMU readings. The IMU is then applied to a series of short range motions for
reliability and performance testing.
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CHAPTER I
INTRODUCTION
Inertial measurement units, or IMUs, serve as effective tracking devices when
used in sophisticated aerospace control and navigational systems. This tracking potential
coupled with ever advancing technology that permits IMUs to become smaller and more
compact is allowing IMUs to gain popularity in a many areas of research beyond the
areas of aerospace.

Using an IMU based on microelectromechanical (MEMS)

technology, this document investigates an IMU’s ability to track the complex motion of a
golf swing. Developing the tracking system requires an understanding of the unique
characteristics associated with the IMU’s onboard electronic devices and a general
understanding of the accelerometer and gyroscope readings. To prepare the IMU, an
accurate, yet quick, calibration procedure is proposed and illustrated to show the tools
and equipment necessary for this approach. Once calibrated, results from a series of
simple static and dynamic tests are compared to the corresponding analytical results to
help comprehend and confirm the IMU readings.
1.1

Previous Golf Swing Tracking Systems
A successful golf swing requires a series of precise motions to occur in particular

order. Typically, developing a swing involves a significant amount of practice and time,
which ultimately discourages amateurs from pursuing golf.

To help quicken swing

progression, some golfers resort to a selection of technological solutions. The first
solution simply analyzes a player’s swing via high speed video in a controlled
1

environment. The video provides beneficial feedback when attempting to isolate any
potential problems; however, being limited to the indoor environment, players are not
able to see the product of their swing. As a result, players use launch monitors to
estimate launch angle, ball rotation, and initial launch direction to predict ball trajectory.
Combining the launch monitor and video analysis, golfers are able to utilize the camera
while having a digital description of the ball flight.
The unfortunate issues involving launch monitors and high speed video analysis
arise with beginning players. The equipment necessary for this analysis is relatively
expensive compared to the cost of general golf related purchases. While launch monitors
are portable and usable outdoors, most problematic swing faults exist beyond the launch
monitor’s analysis. To examine the swing motions, players must utilize the high speed
video, ultimately confining them to an indoor setting. On the other hand, a portable IMU
based tracking system is capable of alleviating the necessity of a controlled environment
while retaining the ability to track the swing.
1.2

IMU Tracking System Concept
When navigational systems cannot use global positional systems (GPS) as a

means of tracking, inertial measurement units prove to be an effective alternative.
However, IMUs do not directly trace the object’s position or orientation; instead, IMUs
measure the linear accelerations and angular velocities the object experiences as it
travels. The linear acceleration and angular velocity values are evaluated using a series
of calculations and integrations to estimate the corresponding linear velocity, position,
and orientation.

Accuracy of these estimations depends heavily on the quality and

precision of the acceleration and angular velocity measurements.
2

1.3

IMU Preparation
The measurements are produced by a set of onboard accelerometers and

gyroscopes.

Typically the amount of accelerometers required for an application is

dictated by the number of dimensions the motion encompasses. For example, a twodimension pendulum swing requires two perpendicularly oriented accelerometers to
measure all accelerations the body may encounter. Gyroscopes measure angular velocity
in a single plane, and since the same pendulum swing is a single planar motion, only one
gyroscope is necessary. As for the golf application, the swing encompasses all three
dimensions and planes of motion requiring three accelerometers and three gyroscopes.
To ensure accurate measurements, each accelerometer and gyroscope is subjected
to a sequence of controlled tests where the output is analyzed relative to the physics of
the test motion. The controlled tests isolate either an accelerometer or gyroscope, with
that component subjected to a constant acceleration or rotational velocity. By correlating
the component’s output with the known physical input, the analysis yields a calibration
equation for the component. Once all six calibration equations are established, a second
series of tests is used to analyze the IMU’s response to random static orientations and
varying dynamic motions such as nonrotating, uniaxial free fall and a damped nonlinear
pendulum motion.

3

CHAPTER II
IMU EQUIPMENT AND SPECIFICATIONS
IMU setup and specifications are typically exclusive to the application, and the
unique requirements associated with a golf swing push the limits of readily available
IMU technology. In the golf swing, the IMU accelerometers experience a large range
specific force loadings, or g’s, over a short time period. Golfers are capable of producing
in excess of 250 g loads at the club head and a 2800 degree per second angular velocity
during a normal golf swing. All measuring components must be capable of reading the
full load range while maintaining a resolution capable of reading the slower motions of
the backswing and follow through. In addition, the IMU must be small enough to mount
directly to the golf club and weight an insignificant amount to avoid interfering with the
dynamics of the swing.

Ultimately, the IMU must be wireless to alleviate motion

interference and avoid equipment damage due to potential high speed contact.
2.1

Acceleration Specifications
To establish a proof of concept, the first IMU design utilizes the 3-axis ADXL345

accelerometer produced by Analog Devices [1]. The accelerometer is approximately
3/16” x 1/8” in size and functions in a range of 1.8 – 3.6 volts. The ADXL345 has a
relatively high specific load range while maintaining a resolution sensitive enough for the
backswing and follow through accelerations. The accelerometer is capable of recording
at four different load ranges: ± 2, 4, 8, and 16 g’s. Each range operates at a minimum 10bit resolution; however, the ADXL345 is able to adjust the bit analog to digital
4

conversion (ADC) to maintain a 256 least significant bit per g, or LSB/g. In the case of
the ADXL345, the full resolution setting increases the resolution as the load range
increases as shown in Table 2.1.
Table 2.1

ADXL345 Varying Resolution Specifications

Load Range

Minimum
Resolution

LSB/g
(Min Resolution)

Full
Resolution

LSB/g
(Full Resolution)

±2
±4
±8
± 16

10-bit
10-bit
10-bit
10-bit

256
128
64
32

10-bit
11-bit
12-bit
13-bit

256
256
256
256

The ADXL345 lacks the specific force range necessary to measure a complete
swing, but the ± 16 g range accounts for over 90 percent of the motion in a golf swing.
For preliminary purposes, tracking the motions of the backswing and follow through are
adequate for conceptual testing. The ADXL345 also has a diverse sampling frequency,
6.25 – 3200 Hz. The higher sampling rates are useful since the golf swing motion occurs
so quickly. However, the high sampling rates are limited by IMU’s processor, which is a
PIC24 processor.
Due of the violent nature of a golf swing through impact, the issue of the
accelerometer’s max load tolerance coupled with durability becomes a factor.

The

ADXL345 has a maximum tolerance load of 10,000 g’s to endure the approximate 200 gload from the swing and the additional load of ball impact. From a motion tracking
standpoint, the impact data is not necessary for determining velocity, position, or
orientation. Thus, the fact that impact exceeds the measurable load range is not a critical
problem; however, the accelerometer components must endure the impact and retain
5

functionality. As a result, the IMU is placed the near the player’s grip to reduce the
amount of impact load and ultimately reduce the length from the center of rotation to the
IMU.
2.2

Gyroscope Specifications
As mentioned earlier, angular velocities in a normal swing can reach 2600

degrees per second or more, which is within the range to a typical, quality gyroscope.
The conceptual IMU employs the ITG-3200 gyroscope designed by InvenSense [2]. The
ITG-3200 uses a MEMS 3-axis gyroscope to measure angular velocities in 3
perpendicular planes of rotation.

Like the ADXL345 accelerometer, the ITG-3200

requires a maximum of 3.6v power to function and has the same robust 10,000 g shock
tolerance. Each of the three internal gyroscopes has a dedicated 16-bit analog to digital
converter to operate over an advertised ±2000 deg/s range [2]. With a 16-bit resolution
and a total 4000 deg/s range, all gyroscopes in the ITG-3200 have a sensitivity of 14.384
LSB per deg/s.
Sparkfun Electronics combines the ADXL345 accelerometer and ITG-3200
gyroscope to produce a 6 degree of freedom (DOF) IMU as shown in Figure 2.2. The
breakout board that merges both these units is a not stand alone device. It needs a 3.3v
power source and a system for data acquisition.

6

Figure 2.1
2.3

Sparkfun 6-DOF Breakout Board [3]

Data Acquisition
Data acquisition is an aspect of the IMU that is dominated by the application at

hand. Most applications use one of two methods, live feed for real time updates or data
storage and extraction. Since golf swings occur very quickly and most aspects of the
swing transpire in fractions of a second, a real time data acquisition system is pointless
from an analysis perspective.

On the other hand, data storage and extraction systems

have numerous advantages. First, writing the data to an onboard memory allows the
process of measuring and recording to occur quicker and more efficiently. A real time
wireless approach may hinder the transfer rate of the transmitter and restrict the
electronics’ ability to acquire the data at higher sampling rates.

Second, if the IMU’s

only purpose is to record and store the data, the device’s overall size can be extremely
small. Minimizing the IMU’s size and weight is important to lessening any adverse
effects the IMU may have on the swing dynamics. Finally, a self-contained IMU with
memory on board is easily adaptable to a wireless system. Once the swing is complete,
transferring the data from the IMU’s onboard memory to a separate device for analysis

7

can be performed with a direct wire connection or wirelessly without interfering with the
swing.
2.4

IMU Datalogger

Figure 2.2

IMU Datalogger

Designed at Mississippi State University, the IMU Datalogger, shown in Figure
2.4, is the first applied conceptual IMU design for the golf swing application. The
Datalogger is 2.188” x 1.190” in size and weight 0.48 ozf including the 3.7 v, 110 mA
lithium polymer battery used to power all onboard components. Using the combination
board produced by Sparkfun and a 32-Mbit flash memory, the Datalogger can wirelessly
measure and record accelerations and angular velocities of a three dimensional motion.
The 32-Mbit flash memory is capable of storing 349,524 arrays of data. Each array of
data consists of 3 acceleration measurements, 3 angular velocity measurements, and a
time stamp. Sampling at 1kHz, the memory holds approximately 5 minutes and 49
seconds of data. With a complete golf swing taking less than 3 seconds, a memory
capacity of 349 seconds is excessive for a single swing measurement.

To reduce any

excess data, IMU’s recording time is adjustable to fit the time needed for a given test;
8

however, when considering a player’s routine and situation, the record time for a swing
consumes much more than the 10 seconds and potentially more depending on the player
and situation.
Even though the Datalogger is a self-sustaining unit during testing, extracting the
data requires connecting the IMU to a separate device by means of a direct wire
connection or wireless transmitter. Interacting with the IMU via wire is possible using a
simple FTDI cable and a terminal emulator.

Technically, any terminal emulator is

capable of accessing the IMU’s text based user interface; however, the IMU’s firmware is
intended for ShadeBlue’s Indigo emulator. Opening the serial port connection requires a
serial interface specification, com port number, and baud rate setting. The com port
number is unique to the computer accessing the Datalogger, but the Datalogger’s baud
rate is adjustable. With the FTDI cable, the IMU processor is capable of transferring data
at 460.8 kbit/s, but when using the wireless system, the baud rate is restricted to 115.2
kbit/s because of transmitter limitations. The higher 460.8 kbit/s transfer rate quickens
download time by roughly 13 percent when compared to the 115.2 kbit/s as Table 2.4
verifies.
Table 2.2

Baud Rate Download Times for 10,000 Samples or 10 Seconds of Data
Baud Rate
(bit/s)

Download Time
(min:sec)

9600
19200
38400
57600
115200
230400
460800

11:20
7:26
5:00
4.22
3:41
3:20
3:13
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2.5

XBee RF Transceiver
Given the situation that the Datalogger is accessible, manually starting the data

acquisition sequence and extracting the data via FTDI cable is not a problem. The
downfall of the FTDI cable comes when the Datalogger is encased or embedded and not
readily accessible. To overcome this dilemma, the FTDI cable is replaced by a wireless
XBee radio frequency module manufactured by Digi International Inc. With a 1 mW
transmit power output, the XBee module reaches indoor ranges of 30 meters and 90
meters line of sight [4]. The XBee transceiver mounts to a Sparkfun XBee Explorer
Regulator which connects to the Datalogger via the connection pins used with the FTDI
cable as shown in Figure 2.5. The Regulator and transceiver require a separate 5v power
source, which is supplied by a single AA alkaline battery using a 5v DC to DC Step Up
by BodHilabs [5].

Figure 2.3

Datalogger XBee Transceiver

Fundamentally, the Xbee connects to the Datalogger in the same fashion as the
FTDI cable, thus, requiring no changes to the Datalogger module.
mentioned earlier, the XBee is limited to the 115.2 kbit/s baud rate.

However, as
To ensure

compliance, the Datalogger must not exceed the 115.2 kbit/s baud rate setting. With the
10

XBee, the user is able to activate data acquisition on command and correlate the record
time with the testing period more accurately. This reduces the amount of excess data
prior to and after a test, ultimately reducing download time despite the slower baud rate.

11

CHAPTER III
IMU CALIBRATION
Every measuring device requires some method of calibration, and inertial
measurement units are not exceptions. Hypothetically, calibrating an accelerometer or a
gyroscope can be performed by creating a calibration equation based on the device’s load
range and resolution given in the manufacturer’s specifications. However, generalizing a
device’s performance from average standardizations does not yield an accurate
calibration. In fact, such an approach immediately induces error into the measurement; in
turn, reducing the reliability of any calculations derived from those measurements.
Finding a more unique calibration equation requires analysis for each individual
accelerometer and gyroscope. By comparing a series of known values to the output of
each device, the analysis establishes a unique relationship between the physical motions
and device measurements.
3.1

Accelerometer Calibration
Most accelerometer applications focus primarily on the device’s ability to

measure accelerations due to motions, velocity changes, or gravity. Fundamentally, a
single accelerometer measures only the accelerations acting along its axis. For example,
a static accelerometer parallel with the gravity vector simply measures gravity as a
positive or negative one g-force. However, at an arbitrary angle, the same accelerometer
reads only a component of the gravity vector. The constant specific force of gravity is
12

used to develop a calibration equation by correlating the accelerometer’s output and
orientation to the gravity vector.
Since the ADXL345 is a 3-axis accelerometer, each axis is oriented so that gravity
is acting solely in the direction of one accelerometer. Using the onboard coordinate
frame, the IMU is oriented at three specific orientations: 90º, 180º, and 270º as
demonstrated in Figure 3.1.

The expected measurements from these orientations

correlate to the specific forces of 0g, +1g, and -1g respectively. Directly relating physical
accelerations to the onboard coordinate frame alleviates any issues from misalignments
due to component placement or internal device structure.

Figure 3.1

Axis Orientations for Accelerometer Calibration

The aluminum square channel shown in Figure 3.2 allows the IMU to mount in
any of the orientations in Figure 3.1 while maintaining alignment integrity with the
onboard reference frame. Also mounted to the square channel is a Digital Protractor Pro
13

360 which is used to measure the mount’s orientation angle to 0.1 of degree accuracy.
Once assembled, the mount is placed inside a trapezoidal pendulum stand allowing the
IMU test mount to rotate 360º about a single axis as seen in Figure 3.2.

Figure 3.2

IMU Testing Mount

In a static state, the IMU records 3 seconds of data or 3000 samples for each
orientation. The results from each orientation are averaged and graphed to formulate a
relationship between the accelerometer output and gravitational accelerations. A linear
regression is applied to the three orientation results to determine the sensitivity and offset
of each accelerometer as shown in Figure 3.3. By assuming a linear relationship, the
calibrated sensitivities and offsets are used as the two coefficients necessary to formulate
the linear calibration equation.

14

Figure 3.3
Table 3.1

Accelerometer Linear Regression Trendline
Accelerometer Calibration Results

X-Accelerometer
Y-Accelerometer
Z-Accelerometer

3.2

Calibrated Sensitivity

Manufacture Est.
Sensitivity

Offset

0.003824
0.003834
0.003967

0.004
0.004
0.004

-0.03565
0.02165
0.05667

Accelerometer Calibration Results
Confirming the accuracy of the calibration equations uses a similar approach as

the calibration test, but in this case, the IMU is oriented at various angles where the
ADXL345 accelerometers will only read a component of gravity. Using gravity as the
only acting acceleration, each accelerometer is oriented at a series of 30 degree
increments from 0 to 360 degrees in the case of the Y-axis and from 90 to 450 degrees in
the case of the Z-axis. The intermediate angles test the reliability of the calibration
equations since the linear approximations were derived solely from orientations parallel
15

or perpendicular to the gravity. The results in Figure 3.4 show the orientation tests
performed on the Y and Z axes.

Figure 3.4

ADXL345 Accelerometer Angle Test

The calibration equations for the X and Z-axes yield an absolute error of 0.02g or
less while the Y-axis approximation produced an absolute error 0.04g. After repeated
tests and calibration revisions, the results indicate an increase in error when the Yaccelerometer is inverted.

A corrective factor was implemented to reduce the error of

inverted orientations. However, the corrective factor compromised the accuracy of the
remaining orientations ultimately decreasing the overall accuracy of the calibration
equation. As a result, the corrective factor was removed.

With a golf swing inducing

10 g’s and higher even in the backswing and follow through, the 0.04 g absolute error
was deemed acceptable for conceptual design.

16

3.3

Gyroscope Calibration
Much of the same procedure used in the accelerometer calibration is followed in

the gyroscope calibration. However, while the accelerometers are capable of reading
acceleration staticly, gyroscopes require a dynamic rotation to produce a reading. Since
gyroscopes are only sensitive to angular velocity, the gyroscope calibration procedure
consequently involves a series of measurable, constant rotations.
Gyroscope Test Bed

3.3.1

Developing a calibration procedure for the gyroscopes begins with a test bed. A
minimum of two rotational measurements is needed to develop a calibration equation
using the linear regression approach.

However, as shown with the accelerometer

calibrations, having multiple test measurements is useful in confirming the accuracy of
the calibrations. A minimum of eight angular velocities is desirable for the test bed.
Since the rotational motion is dynamic, any inconsistencies with the motions reflect in the
accuracy of the calibrations. All test rotations must sustain a constant angular velocity
for enough time to establish an estimate of said angular velocity. To meet the
requirements, a mill and a lathe were selected as the primary test beds. Between the two
machines, 20 rotational velocities are available to test the ITG-3200.
The true angular velocities of the mill and lathe are not known; thus, a laser based
velocity measuring system is needed to measure the rotational rates corresponding to
each lathe and mill setting. The measuring system couples a single hermetic silicon
photodarlington light detector and a class IIIA laser. The laser operates using a 3v power
source, and the photodarlington uses a 6v power source to establish a signal for computer
analysis.

When photodarlington detects light emitted from the laser, the 6v circuit is

completed and an indication signal reports a near 0v signal. If the connection from the
17

laser is lost, the photodarlington loses its electrical ground closing the 6v circuit and
redirecting the 6v signal to the computer as shown in Figure 3.5.

Figure 3.5

Angular Velocity Measuring System

Any time the connection is broken and regained, the system represents this
sequence as a pulse showing when the connection was lost and the amount of time the
connection was broken. Typically, linear velocity measuring systems use multiple lasers
and sensors to correlate time stamps with a known distance between the sensors. In this
case, a multisensory setup is not necessary because the rotational motion will break a
single laser connection during every rotation, or pass. Each pass creates two pulses. The
first pulse marks the time when the rotation begins, and the second pulse indicates the
rotation’s completion.

18

The greatest advantage to this approach is eliminating the hassle of positioning
the laser beam to a specific radial distance. Assuming a constant rotation, angular
velocity can be calculated using Equation 3.1 with linear velocity in terms of distance and
time. The actual distance traveled by the rotating object is defined as the circumference
of rotation. Substituting circumference for the distance, the angular velocity calculation
eliminates the need for any radius measurements as shown in Equation 3.2.
(3.1)
(3.2)
The remaining components are the time stamps. The Angular Velocity LabView
program, found in the Appendix, acquires the voltage signal by manually accessing and
interpreting the voltage signal using the NI-DAQmx virtual channel subVIs.

The

DAQmx devices allow the computer to sample the photodarlington signal at 20,00040,000 Hz. As the program reads the signal, a triggering subVI analyzes the signal
values looking for a rapid increase in voltage indicating a pulse. Once a pulse is detected,
the program temporarily records the signal and begins isolating the beginning and ending
time stamps.

Once the rotation time is calculated, the program calculates the angular

velocity using Equation 3.2.
With a method for measuring angular velocity, the twenty rotational rates of the
lathe and mill settings can be determined. First, the lathe contributes 12 of the 20
available velocities, and all the settings involving the lathe are reversible. Having both
the positive and negative rotations simply allows the calibration to account for the
gyroscopes’ sensitivities in the positive and negative directions.

However, once

measured, only 6 of the velocities do not exceed the 2000 deg/s limitation of the ITG19

3200. Of the 8 available mill velocities, 2 are less than 2000 deg/s. A third mill setting is
included in the calibration tests because the velocity was relatively close to the
gyroscopes’ maximum measurable load. Negative directional tests are possible with the
three mill settings given a 180 degree reorientation of the gyroscope. In total, 14 angular
velocities are available for testing and 2 more with an orientation adjustment.
Table 3.2

Available Rotational Velocities

Angular Velocity

rpm
0
±25
±38
±59
±89
±161*
±176
±247*
±271
±364*

3.3.2

deg/s
0
±148
±227
±353
±533
±964*
±1056
±1479*
±1628
±2184*

Operating
unit
None
Lathe
Lathe
Lathe
Lathe
Mill
Lathe
Mill
Lathe
Mill

Gyroscope Calibration Results
The calibration method for the gyroscopes utilizes a similar approach as

performed with the accelerometers.

A series of raw data measurements is used to

correlate the gyroscopic output with the physical motions acting on the gyroscopes. The
measurements are recorded while the gyroscopes are experiencing a constant two
dimensional rotation. For this approach to work, the axis of the active gyroscope must be
parallel to the axis of rotation. A custom adapter built specifically for this calibration
procedure has three fastening configurations to orient each Datalogger gyroscope about
the axes of rotation. When changing test beds, the adapter mounts directly to the lathe or
mill with no adjustments required.

In addition, the adapter has two mounting
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configurations for simultaneously testing two Dataloggers if necessary. Each gyroscope
in the ITG-3200 requires a series of measurements to acquire the necessary data for
calibration equation. Each series of measurements consist of 16 rotational tests, 1 static
test, and 2 overload tests.

Figure 3.6

Pitch Calibration Result
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Figure 3.7

Roll Calibration Results

Figure 3.8

Yaw Calibration Results
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Table 3.3

Pitch
Roll
Yaw

Gyroscope Calibration Results
Calibrated
Sensitivity

Manufacture Est.
Sensitivity

Offset

0.0705
0.0708
0.0699

0.0696
0.0696
0.0696

2.9413
-1.1650
-1.2618

The calibration tests reveal an inconsistency with the ITG-3200 specifications
sheet. Although the overload velocity setting on the mill exceeds the ±2000 deg/s
manufacture’s load limit by 184 deg/s, each gyroscope accurately measures the overload
as shown in Figures 3.6, 3.7, and 3.8. The ITG-3200 specification sheet claims a 16-bit
resolution over a 4000 deg/s range which produces a 16.384 LSB per deg/s [2]. The
specification sheet also specifies a 14.375 LSB per deg/s yielding an estimated sensitivity
of 0.0696 [2] and maximum measurable range of ±2280 deg/s. The calibration results
support the 14.375 LSB per deg/s claim ultimately shifting the ITG-3200 actual
measurable load range from ±2000 deg/s to ±2280 deg/s approximately.
Many sources report that MEMS based gyroscopes have a time varying offset
suggesting the bais term should be update during every use. According to Aggarwal, a
typical MEMS gyroscope may vary ±144 deg/hour from use to use [6]. However,
condsidering the average golf swing may produce a rotation rate of 2600 deg/s, the offset
is held constant since any potential variation is 0.08 deg/s.
3.4

Accelerometer and Gyroscope Calibration Comparison
To assess the accuracy of both the accelerometer and gyroscope calibrations, both

devices were used to measure the 964 deg/s and 1479 deg/s rotational velocities of the
mill. Because the mill rotates about a vertical plane, the accelerometer measuring the
23

radial acceleration is perpendicular to the acceleration due to gravity, eliminating any
gravitational components in the radial direction. In addition, these velocities do not
exceed the velocity limits of the ITG-3200 or the g-limits of the ADXL345, given that the
radial position for the pitch and roll rotations is 4.75” and 1.813” for the yaw rotation.
Because of the way the IMU is oriented on the test bed adapter, the Y and Z
accelerometers are the accelerometers capable of measuring the radial acceleration. For
comparison purposes, all accelerometer data is converted to deg/s using Equation 3.3.
(3.3)
Table 3.4

Rotational Accelerometer and Gyroscope Test Results

Angular Velocity
(˚/s)
964
1479
-964
-1479

Accelerometer Readings
(calculated ˚/s)
Y
955.9
1472.6
982.2
1488.4

Z
956.7
1456.6
961.6
1463.1

Gyroscope Readings (˚/s)
Pitch
963.7
1478.9
-962.6
-1477.7

Roll
963.5
1477.8
-962.5
-1478.2

Yaw
961.6
1475.5
-960.9
-1474.8

The results show the calibration equations for the three gyroscopes are accurate to
±0.25 percent of the angular velocity measured by the laser measuring system. The
accelerometer data indicates an accuracy of ±0.75 - ±0.90 percent error which is
consistent with the accelerometer static test mentioned earlier.
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CHAPTER IV
IMU DATA ANALYSIS
All analyses performed thus far use a controlled environment to observe how the
IMU responds to specific motions and orientations. The analyses in the following tests
focus more on the IMU’s interpretation of the motions’ dynamics. For example, gravity
influences accelerometers with a constant 1g acceleration, but the direction of the gravity
vector relative to a known coordinate frame has not been addressed. Also, rarely does a
motion, outside a controlled environment, have a constant acceleration or static
orientation.

Instead, most IMU applications entail more irregular motions that

encompass accelerations and velocities in multiple dimensions. A single accelerometer
or gyroscope is limited to measuring in a single dimension.

As a result, a single

accelerometer or gyroscope only measures a component vector of the motion. The goal
of the following test is to understand how these vector components actually represent the
motions in which the IMU measures.
4.1

Accelerometers’ Interpretation of Gravity
In static angle tests discussed in the Chapter 3.1, the test starts at 0 degrees and

progressively rotates to 360 degrees with gravity being the only acting acceleration. The
Datalogger’s onboard coordinate frame is positioned so the positive direction of the
accelerometer is directed along the orientation angle as illustrated in Figure 4.1.
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Figure 4.1

Free Body Diagram of 90 and 270 Degree Tests

In the case of the 90 degree test, accelerometers parallel with the gravity vector
read approximately 1g while the 270 degree test shows a -1g. Assuming the gravitational
vector direction is 270 degrees, these results indicate that the accelerometers interpret
gravity as a negative value relative to the onboard coordinate frame. However, this
conclusion is misleading. The accelerometer readings (f ) and actual accelerations (a)
differ because body accelerations are separate from gravity as shown in Equation 4.1 [7].
(4.1)
The reason for this distinction pertains to the coordinate frames.

The

accelerometers from the ADXL345 measure accelerations relative to the onboard
coordinate frame, or body frame

while gravity is in a separate fixed, nonrotating

frame relative to the earth, or inertial frame

. Using the direction cosine matrix ©, the

body accelerations measured from the accelerometers are transformed to the inertial
frame. Once all accelerations are converted to the inertial frame, the influence of gravity
is included as a contributing acceleration. Since the 90 degree test aligns the body frame
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with the inertial frame, no change in orientation occurs. Thus, the direction cosine matrix
becomes an identity matrix, and Equation 4.2 becomes valid.
(4.2)
Assuming the positive, vertical direction of the inertial frame is upward, a
downward acting gravity term is consequently negative. In the case of the 90 degree test,
this negative component in the gravity vector mathematically offsets both negative terms
as shown in Equation 4.3. Also, since the 90 degree test is static, accelerations due to
body motions (

) are zero; thus,

is zero as well.
(4.3)

From this point, a second direction cosine matrix is needed to transform the
accelerations back to into the body frame to determine the accelerometer readings

.

Again, with the inertia and body frames aligned, the direction cosine matrix is one
resulting in a direct correlation as shown in Equation 4.4.
(4.4)
This basic systematic approach to comprehending the accelerometer output is
applicable to any static orientation and provides the fundamental basis for understanding
the accelerometer readings from dynamic motions.
4.2

Free Fall Test
To introduce body motions, the one dimension motion of free fall was selected to

understand how the accelerometers reacted to basic dynamic situations.

A static IMU

applies no body accelerations and reports with a ±1g measurement. However, when
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gravity alters the IMU’s dynamic stability, the body accelerations change as a result. The
free fall test analyzes these changes by comparing the static measurements to dynamic
measurements taken during the IMU’s descent. A model based on Equation 4.1 is used
to compare to the results from the accelerometers.
Using the accelerometer analysis described in Chapter 4.1, the model begins by
establishing the accelerations due to body motions (

). Here, the body motions are

acting solely in the Z-direction; thus, any variations due to motion are measured only by
the Z accelerometer. Similar to the static test, the body coordinate frame and the inertial
coordinate frame are aligned reducing the directional cosine matrix to an identity matrix.
The static conditions are exactly the same as the 90 degree test where the IMU is reading
a +1g.

Upon release, gravity accelerates the IMU toward the ground producing

body/inertial acceleration in the negative direction. During descent, the acceleration due
to gravity and the downward inertial acceleration counter one another. This produces a
zero measured acceleration as shown in Equation 4.5.
(4.5)
As far as the test setup, the IMU is held approximately six feet above the impact
surface where the Z-axis is parallel with gravity as shown in Figure 4.1. Prior to the
drop, the IMU initiates a 3 second datalogging period that records the static conditions at
the starting point and the dynamic conditions during decent. The measurements are
extracted from the Datalogger and compared to the model result as seen in Figure 4.2.
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Figure 4.2

Free Fall Model and Test Results

Overall, the experiment results follow the model’s predicted acceleration trends.
In terms of accuracy, the model predicts the static conditions and free fall conditions of
the test to within an absolute error of 0.02g. During the IMU’s descent, the model
assumes that free fall immediately takes effect while experimental results show a 0.026
second time lapse from release to actual free falling status. Even though the IMU enters
free fall, or zero acceleration, rapidly, this time lapse indicates that gravity progressively
decreases. Once the IMU is completely experiencing zero gravity, the accelerometer
shows a steady period of zero acceleration from 1.00s to 1.20s. Afterward from 1.20s to
the time prior to impact, the accelerometer indicates a gradual increase in acceleration.
This gradual increase in acceleration is to be expected. Given enough distance for free
fall, the IMU would enter terminal velocity where the force due to air resistance would
equal the force due to gravity. From release to terminal velocity, acceleration due to
gravity would gradually increase to +1g as terminal velocity was approached. With a
29

constant velocity motion, the accelerometers would yield results similar to that of static
position.

Figure 4.3
4.3

Predicted Free Fall Acceleration Trend

Nonlinear Pendulum Test
A two dimensional motion such as the pendulum evaluates how the

accelerometers respond to accelerations that vary in magnitude and direction. In a
pendulum test, the two primary body accelerations act in the tangential and radial
directions; however, because the body frame rotates relative to the inertial frame, the
DCM is necessary to transform the body accelerations to inertial accelerations. To
calculate the accelerations and frame transformations, a nonlinear pendulum model
estimates the body acceleration, converts the accelerations to the inertial frame to account
for gravity, and retransforms the accelerations to the body frame. Results generated from
the model are later used to compare to the experiment results.
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4.3.1

Pendulum Model and Results
The model uses the damped nonlinear pendulum equation shown in Equation 4.6

where

represents the damping constant, and

is the natural frequency of an

undamped linear pendulum with the same mass distribution.

Initially, the damping

constant is initially equal to zero to simplify the system. This nonlinear differential
equation is integrated using a fourth-order Runga Kutta method to calculate the
orientation angle and angular velocity,

and

respectively.
(4.6)

Once the orientation angles and angular velocities are calculated, the angular
accelerations are evaluated using Equation 4.7.

With angular accelerations and

velocities, the corresponding tangential accelerations ( ) and radial accelerations ( ) are
calculated in terms of specific force using Equations 4.8 and 4.9 respectively.
Acceleration directions have been revised to correlate with the actual pendulum the IMU
is measuring in the experimental test.
(4.7)
(4.8)
(4.9)
At this point, all the accelerations calculated are specific to the body frame
without any gravitational influence. To implement the gravity term, all accelerations in
the body frame must be transformed to the inertial frame as Equation 4.1 demonstrates.
Making this transformation requires the direction cosine matrix (C or DCM).
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Since the model is intended to mimic the actual pendulum test, the body frame is
orientated exactly as the body frame on the IMU, and the inertial frame is orientated as
shown in Figure 4.4.

Figure 4.4

Pendulum Free Body Diagram

In a typical three dimensional rotation, the DCM transforms the coordinate frame
about the pitch, roll, and yaw angles. However, the two dimensional pendulum only
requires a roll rotation, assuming all axes remain perfectly aligned throughout the swing.
Given the coordinate frame arrangement in Figure 4.4, the DCM (

) becomes Equation

4.10, which is implemented in Equation 4.1 yielding the specific force measurements in
terms of the inertial frame.
(4.10)
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(4.11)

(4.12)

(4.13)

(4.14)
However, since the readings from the IMU are not in terms of the inertial frame, a
transposed DCM is needed to convert the specific values from inertial frame to the body
frame as shown in Equation 4.15. With all accelerations incorporating gravity and in
terms of the body frame, the specific force predictions in Figures 4.5, 4.6 and 4.7 should
reflect the IMU accelerations from the experimental results.
(4.14)

(4.15)
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Figure 4.5

Model Generated Tangential Acceleration

Figure 4.6

Model Generated Radial Acceleration
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Figure 4.7
4.3.2

Model Generated Roll Angular Velocity

Nonlinear Pendulum Experiment
With the test bed used in the static acceleration tests, the IMU is mounted along

the centerline of the aluminum channel. This position aligns the pendulum’s pivot and
center of gravity with the radial accelerometer, or in this case the Z accelerometer.
Insuring that all these components are aligned reduces the complexity of the system’s
geometry. In addition, all excess weight is removed from the mounting surface assuring
that the center of gravity is along the channel’s centerline. The IMU is programmed to
record four seconds of data which accounts for starting conditions, release response, and
swing response.
Once the test bed and IMU mount is prepared, the pendulum is ready for testing.
The mount is raised to an angle of 90 degrees from the point of rest. From this position,
the X accelerometer, or tangential accelerometer, is reading a full 1g loading due to
gravity while the Y and Z accelerometers are measuring approximately zero. Upon
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release, the X accelerometer experiences a rapid drop in acceleration, similar to the free
fall test as shown in Figure 4.8.

For an instant, the tangential acceleration does

experience pure free fall; however, the pendulum’s tangential acceleration quickly
becomes the predominant acceleration as the pendulum cycle begins.

Figure 4.8

Tangential Acceleration Data from Pendulum Test

Since the radial accelerometer does not begin with any acting accelerations, the
acceleration measurements begin at zero and transition directly into measuring the radial
accelerations. Because of the orientation of the body frame, the radial accelerations are
continuously negative. The -1g load due to gravity and the negative g-load due to the
radial acceleration combine, thus, never exceeding zero.
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Figure 4.9

Radial Acceleration Data from Pendulum Test

As mentioned earlier, the initial position of the pendulum in the experiment
begins at 90 degrees from rest. Following the right-hand rule, the pendulum begins with
negative rotation resulting in a negative angular velocity as shown in Figure 4.10.
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Figure 4.10
4.3.3

Angular Velocity Data from Pendulum Test

Data Filtering
To reduce the electronic noise associated with the accelerometer pendulum

readings, a discrete Kalman filter is applied to each accelerometer following the method
discussed by Welsh and Bishop [8]. The filtering process is broken down into a set of
predictive and corrective equations. The first set of equations uses the previous estimates
to project the current state values. These projected values are calculated using the
Equations 4.16 and 4.17.
(4.16)
(4.17)


estimated state projections



estimated error



process noise constant
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The second set of equations corrects for the estimated error in the projected states
by adjusting the projections based on actual measurements.

The corrections are

implemented using Equations 4.18, 4.19, and 4.20.
(4.18)
(4.19)
(4.20)


Kalman gain



measurement noise variable



actual measurement

After being applied, the Kalman filter helped the accelerometers experiencing
slow magnitude changes. In a static accelerometer test, the filter decreases the electronic
noise by approximately 45 percent as Figure 4.11 demonstrates. Represented by the pink,
dotted line, the raw data varies 0.25g and higher, when considering the occasional spikes.
The filtered data, represented by the blue line, remains within 0.1g.
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Figure 4.11
4.3.4

Raw Data and Filtered Data

Pendulum Model and Experimental Results
For the sake of consistency and repeatability, five pendulum tests are conducted

and filtered using the Kalman method described earlier to compare with the analytical
solution of the model. To establish a common trend for the experimental results, each
data set is edited so the time of release begins at

. Results from the pendulum

model and experiments show significant similarities in data characteristics and trends.
The radial acceleration in the experiments indicate a constant negative g-load throughout
the swing which is confirmed by the model. Likewise, the direction and magnitude of the
tangential acceleration in the experiments are very consistent with the model results.
However, the analytical data and the experimental data have distinctive differences in
angular velocity magnitudes and radial acceleration magnitudes. To correct for this
discrepancy, the model’s damping constant in Equation 4.6 was adjusted to 0.09 to obtain
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damping equivalent to the experiment system.

The damped analytical results are

compared alongside five experimental tests in Figures 4.12, 4.13, and 4.14.

Figure 4.12

Tangential Acceleration Results

Figure 4.13

Pendulum Radial Acceleration Results
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Figure 4.14

Pendulum Angular Velocity Results
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CHAPTER V
IMU APPLICATIONS
All of the IMU applications thus far have tested the accelerometer and gyroscope
responses to predictable and repeatable motions. The experimental tests involved in this
chapter use the IMU predominantly as a data acquisition device to determine motion
dynamics and accelerations. The tests encompass gradual and rapid acceleration changes,
impact testing, and multi-degree-of-freedom motions. These tests are the first steps to
understanding and deciphering the complexity associated with a golf swing.
5.1

Impact Test and Analysis
Ultimately during a golf swing, the club comes in contact with the ball, ground, or

both. Ball contact, from an IMU’s perspective, is a rapid deceleration causing a spike in
the data. In contrast, a ground impact is more gradual due to the prolonged time of
deceleration.

For either impact scenario, the deceleration magnitudes exceed the

ADXL345’s 16g measuring limit.

To apply the Datalogger to an impact situation

potentially within the measuring limits of the ADXL345, the deceleration must be
prolonged over a considerable time frame. A low velocity water impact was selected due
to the deformation characteristics of water.
The IMU is encased in an 18” PVC semi-spherical vehicle that is dropped from a
height of approximately 25.7 ft into a body of water. Similar to the free fall experiment,
the IMU body frame is position so the Y-accelerometer is parallel with gravity at a 270
degree orientation; thus, the impact force is measured by a single accelerometer if the
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vehicle does not rotate. If the vehicle does rotate about any one of the three axes, the
gyroscopes can detect the change in rotational rates and directions that occur from release
to impact. The IMU’s pitch, roll, and yaw orientation angles are determined by using
Equation 5.1 where angle is φ, θ, and ψ respectively. The magnitude of the impact vector
is calculated based on the final orientation angles. With the available dropping height of
25.7 ft, the IMU’s impact velocity is estimated to be 42.0 ft/s with a vehicle mass of
0.221 slugs.
(5.1)
After a series of tests were conducted, the results indicated a lack of consistent
vehicle orientation during impact. As Figure 5.1 shows for a single test, the IMU’s
angular velocity about the Z-axis varied over 100 deg/s during one test. To determine
vehicle orientation, the pitch, roll, and yaw angles are determined by isolating all of the
gyroscopic data from release to impact and applying the angular velocity measurements
in conjunction with the time stamps to Equation 5.1. In the case of the test in Figure 5.1,
the pitch angle shifts -9.13 degrees while yaw angle moves 8.77 degrees as Figure 5.2
shows. Variation about the Y-axis is negligible.
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Figure 5.1

Angular Velocity Activity Before Impact

Figure 5.2

Orientation Angle before Impact

The accelerometer data shows that the X and Y accelerometers exceed the
maximum measurable limit of 16g while the Z accelerometer recorded a maximum
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acceleration of 15.8 g’s. To extract as much data as possible, the maximum accelerations
for the X and Y axes are estimated using a linear extraction from the last known
measurements at impact. The X accelerometer is estimated to have experienced a 40.2 gload, and Y accelerometer experienced approximately a 54.0 g-load.

Since the

deformation of water is nonlinear, these g-loads are predictably over overestimates of the
actual accelerations. However, using the g-load estimates with orientation angles, the
overall impact force is approximately 69.5g’s. This suggests that the vehicle penetrated
the water 4.8” at impact.
After farther inspection, the data revealed two problematic issues with the test
setup. Since the test was performed outside, it was determined that the unpredictable
orientation shifts were due to wind gusts affecting the free fall trajectory. However, the
primary issue deals the internal mount that held the IMU stationary during impact. The Y
acceleration data in a few of the tests shows the primary water impact followed by a
second impact. The presence of two distinguishable acceleration spikes suggests the
IMU moved inside the semi-spherical vehicle.
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Figure 5.3

Vertical Accelerometer Data at Vehicle Impact

In Figure 5.3, the accelerometer aligned with the impact force shows a
considerable positive acceleration before the predominant impact deceleration.

The

positive acceleration is due to the IMU mount’s overcoming surface friction and
accelerating inside the payload tube as illustrated in Figure 5.4. Once the mount begins
traveling, the IMU is measuring the body dynamics of the IMU mount rather than
dynamics of the semi-spherical vehicle. The impact values estimated previously are
actually the impact forces experience by the mount inside the vehicle.
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Figure 5.4

Impact Vehicle Free Body Diagram

Results from a second set of tests with the mount secured show no indication of
any mount movement resulting is a single acceleration spike. Using the same orientation
procedure and linear extraction approaches used previously, the IMU experienced 31.5g’s
at the orientations of 4.7 degrees of pitch, 1.6 degree of roll, and -7.14 degrees of yaw.
Using the 31.5g deceleration, the impact model estimates that the vehicle penetrated the
water 10.5”, which agrees with visual estimates from experimental photos.
5.2

Rocket Ascent Analysis
The accelerations of small scale rocketry are relatively high due to the large thrust

to weight ratios. Considering the vehicles reaches apogee in a matter of seconds after
being launch, accelerations are consequently high.

To determine how high, the

Datalogger is mounted inside a Liberty 4 model rocket with a Cesaroni J760 motor.
Preliminary estimates based from the manufacture thrust curves and vehicle
characteristics predict the model rocket to experience a maximum of 22-23g’s from
launch to burnout [9]. Because the predictions exceed the 16g limit, the Datalogger is
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positioned at a 30 degree offset to distribute the accelerations between the X and Y axes.
Despite the 30 degree offset, the accelerometer 30 degrees from the vertical acceleration
vector is expected to exceed the limit with a 19.5g load, but the remaining accelerometer
should experience an 11.25g load. Once the IMU is mounted inside the rocket’s payload,
the Y-accelerometer is orientated 30 degrees from the vertical.
Once launched, the structural vibration creates an extreme amount of acceleration
spikes hindering acceleration analysis for the first 0.2s of the ascent. However, the
gyroscopes are able to account for all angular velocities upon launch. The pitch and yaw
gyroscopes show fluctuating velocities indicating the rocket stabilizing immediately
following liftoff as shown in Figure 5.5.

Figure 5.5

Yaw Rate throughout Rocket Ascent

The fluctuations continue for 0.8s as the rocket gains velocity, and according to
the IMU, the rocket becomes fully stable. Meanwhile as the structural vibrations subside,
the accelerometers are able to show the body force accelerations. The X-accelerometer
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results in Figure 5.6 indicate a maximum acceleration of 11.35g’s is maintained for
approximately 0.1s before the acceleration begins decreasing to 9.5g’s.

Figure 5.6
5.3

X-Acceleration Data from Rocket Ascent

Golf Swing Analysis
To establish if the IMU is capable of tracking the club position and orientation

begins with understanding the accelerations and angular velocities given by the raw data.
To simplify the motion’s complexity, the swing is broken into four primary sections:
backswing, downswing, and follow through. The ball impact is expected to exceed the
ADXL345 measurable limit and potentially the ITG-3200 as well; however, the
backswing and follow through should stay well within acceleration and angular velocity
boundaries. To help reduce the acceleration loads, the IMU is mounted on the club shaft
near the grip. This position experiences less radial and tangential acceleration during the
downswing and follow through by reducing the radius length from the primary point of
rotation, the player’s shoulders. The test setup uses a right-hand driver where the IMU
body frame is orientated with the Y-axis, or radial axis, directed along the axis of the club
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shaft toward the club head. When the club is at rest in the addressed position, the X-axis,
or tangential axis, is pointed away from the launch direction of the ball as shown in
Figure 5.7.
5.3.1

Backswing
The backswing is typically a subtle motion encompassing two predominant

rotations. The rotations are about the player’s shoulders as the club travels through
backswing coupled with the rotations due to wrist motion. Because the backswing fuses
these two motions together, the predominant shoulder rotation is monitored by all three
gyroscopes, but the transfer of rotation from gyroscope to gyroscope can be traced using
specific milestones in the swing. For example, during the backswing when the club shaft
is parallel with the ground, the wrist rotation completes approximately a 90 degree
rotation. Using the IMU’s body frame as the reference frame, this 90 degree wrist
rotation transfers the shoulder rotation from solely a yaw rotation to a pitch rotation as
shown in Figure 5.7 at 0.7s. Beyond this point, tracking the rotational rates becomes
difficult until all gyroscopes converge to 0 deg/s. At 1.3s into the swing, the backswing
ends, and the golfer takes a momentary hesitation where the club is above his or her head
and not moving.
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Figure 5.7

Gyroscope Data from Golf Swing

Figure 5.8

Accelerometer Data from Golf Swing
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During the backswing, the accelerometer data is relatively predictable. Since the
Y-accelerometer is positive downward, all radial accelerations are negative throughout
the swing, which is to be expected. A second noteworthy trend is the rotation transfer
mentioned with the gyroscopes. The X-accelerometer and Z-accelerometer share the
approximately the same acceleration values for 0.3s as the rotation transfer occurs. Once
the transfer is complete and all rotations are occurring about the X-axis, the Xacceleration reduces to approximately zero. Consequently, the rotation causes the Zaccelerometer to change orientation. Figure 5.8 shows at 1.91s, the Z-accelerations
become negative and remain negative until the downswing.
5.3.2

Downswing
Fundamentally, the downswing is a rapid reversal of the backswing, which is

more evident in the gyroscope data rather than accelerometer data. Once the downswing
begins, the pitch, roll, and yaw rate are approximately zero and starting reversing the
rotations of the back swing. The pitch and roll rates are the more pronounced examples
with the immediate change in rotational direction and significantly high magnitudes. The
yaw rate shows a very distinct characteristic about the transition from backswing to
downswing.

For the 0.47s during the transition, the swing is essentially a two

dimensional motion. The yaw gyroscope indicates a constant zero reading as the player
enters and exits that momentary hesitation at the top of the swing.
The accelerometers show some interesting details about wrist rotation and swing
path. The X and Z accelerometers are sensitive to the radial accelerations from wrist
motion; thus, as the downswing progresses, the wrists begin rotating about the Y-axis to
realign the clubface with the desired launch direction. Theoretically, for a correct swing
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the wrist rotation should temporarily stop as the club approaches the ball. As a result,
most normal accelerations should act solely in the X-direction since the Z-axis is normal
to the launch direction.

However in this swing, the Z-accelerometer shows a positive

acceleration throughout the downswing. Based from the body frame, this suggests that
the swing is accelerating in the Z-axis away from the player, or what is commonly known
as an inside-out motion. Ultimately this motion is indicative of a ball trajectory that will
curve to the left, given the player is right handed.
5.3.3

Follow Through
The follow through is defined by the time immediately following ball impact.

Usually, golfers have little direct control over the follow through motion as the motion is
occurring. The follow through is typically a product of the backswing and downswing
setup; however, the follow through is a problematic area for inconsistent players. Golfers
who attempt to alter the swing path or speed during the follow through tend to suffer with
accuracy and distance management issues. In the way of analysis, the gyroscope and
accelerometer curves should be a continuation of the downswing motion. If not, one of
two possibilities is causing the problem. The player is not releasing, or allowing the golf
club to proceed on with the natural motion of the downswing. Or, simply the ball impact
did not occur along the center of mass of the club. For example, in the gyroscope data, a
sudden change in both the pitch and roll rates occur after impact suggests an off center
impact. The roll rate reaccelerates in the negative direction indicating the club’s center of
mass travelled between the ball’s center of mass and the player, or known as hitting off
the toe. The primary benefit of the follow through analysis is observing consistency. In
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Figure 5.9, five swing tests were performed by the same player under the same
conditions.

Figure 5.9

Pitch Rates from Golf Swing Tests
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Figure 5.10

Pitch Rates for Follow Through

Most of the rate characteristics for each swing are relatively similar for each
swing with the exception of the follow through. Each swing has a unique rotation trend
that is specific to impact position on the club face. Each impact results in a different
follow through.
5.3.4

Swing Analysis Conclusion
Both the accelerometers and gyroscopes are capable of distinguishing swing

differences specifically for the backswing, downswing, and follow through. Given the
ability to analyze the position and orientation, any player interested in improvement
could benefit from this feedback; however, as the IMU performs now, the weakness of
the system is the measuring limitations. Specifically for the golf swing application, the
IMU fails to track any useful data pertaining to the impact. From a tracking analysis
perspective, the impact may impair the position results more so than the orienation
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estimates. Considering the numerical integrations necessary for the position and
orientation calculations, the data overload will hinder the accuracy of the results. One
method to decrease error in the integrations is simply increasing the sampling rate of the
IMU. By increasing the amount of data points recorded during the impact, the data
results consequently reduces the rapid transition in acceleration and angular velocity by
dispersing more points of the same amount of time. The accelerations will enevadably
exceed the maximum load of the accelerometers during impact; thus, an accelerometer
with a higher maximum load limit is necessary.
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CHAPTER VI
CONCLUSIONS
The nonlinear pendulum test revealed most about the IMU. Even without being
converted to specific force and angular velocity values, the ADC values from the
experimental results show similar trends and direction charactereistics with the analytical
predictions. This agreement in data tendencies proves the ADXL345 and ITG-3200
perform properly.

When the ADC data is converted to the approiate values, the

pendulum results indicate accurate data conversion from the calibration equations. The
calibration and interpretation of the IMU output is confirmed. The fundamentals for the
tracking analysis use the basic steps outlined in the pendulum model; however, for the
overall purpose of the golf tracking system, the electronics are lacking. Primarly, the
ADXL345 was limited by the 16g maximum measuring load. For low accelerating
motions such as the backswing and portions of the downswing, the ADXL345 is an ideal
accelerometer because of the varying resolution capability. The instance before and
during impact, however, is problematic.

To record acceleration during these times

simply requires an accelerometer with a higher measurable load. The next conceptual
version of the Datalogger couples two accelerometers, the ADXL345 and a second
accelerometer that is capable of measuring 250g loads.

With the additional

accelerometer, the IMU should therotically measurea the extreme accelerations of the
downswing, but it is expected that the shock loads from impact will remain
unmeasurable.
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APPENDIX A
IMU PROGRAMS AND ANALYSIS
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A.1

Nonlinear Pendulum Model
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A.2

Calibration and filtering code
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A.3

Preliminary Golf Swing Estimates
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